The replication of poliovirus RNA genomes containing amber mutations was studied to test whether viral proteins provided in trans could rescue the replication of an RNA genome that could not be completely translated itself. Mutants containing amber codons at different positions in the genome displayed vastly different abilities to be rescued by wild-type proteins provided by a helper genome. Amber-suppressing cell lines were used to ensure that the defects in the amber mutants arose from their failure to be translated, not from defects in RNA sequence or structure. An internal region of the poliovirus genome was identified whose translation is required in cis; failure to translate this region was shown to inhibit RNA replication. This coupling between translation and RNA replication could provide a late proofreading mechanism that enables poliovirus, and possibly many other RNA viruses, to prevent the replication of defective genomes.
Poliovirus replicates in the cytoplasm of its host cells, allowing translation and RNA replication to take place in the same cellular compartment and providing the opportunity for close coupling between these processes. Previous experimental observations have led to the hypothesis that poliovirus RNA replication depends on translation of the genome in cis, that is, that translation of a particular genome is required for that RNA genome to replicate, even when viral proteins are provided in trans from a helper genome (Kuge et al. 1986; Collis et al. 19921 . A requirement for translation in cis could result either from the preferential cis action of a protein encoded by the genome, or a requirement for the act of ribosomal passage itself in cis.
The poliovirus infectious cycle begins with entry of the virion into a host cell and release of the 7.5-kb polyadenylated viral RNA into the cytoplasm. This RNA encodes all viral proteins in a single open reading frame; it can be translated into a 220-kD polyprotein, which is processed by virus-encoded proteases. The final cleavage products and their locations on the genome are shown in Figure 1A (Kitamura et al. 1981) . In addition to being translated and packaged into virions, the viral RNA also serves as template for synthesis of negative strands; these are then templates for positive-strand synthesis. Viral RNA replication requires 3D, the viral RNA-dependent RNA polymerase; other viral proteins known or suspected to be involved in RNA replication are 2B, 2C, 3A, 3B, 3AB, and 3CD (for review, see Wimmer et al. 1993) .
Sequence analysis of defective interfering (DI) particles of poliovirus provided the first evidence that poliovirus RNA genomes may need to be translated in cis for successful virus replication. DI particles are viral mutants that cannot propagate when they infect a cell alone but can be rescued by coinfection with wild-type virus, which provides the missing or mutant proteins in trans. The genomes of 11 naturally occurring DI particles of poliovirus were sequenced; all contained deletions in the capsid region {Fig. 1A), and all preserved the translational reading frame through the deletion junction (Kuge et al. 1986} . Because wild-type virus always coinfected the cells, failure to isolate DI genomes with out-of-frame deletions cannot be explained by a lack of viral proteins. Instead, the absence of out-of-frame deletions could result either from a disadvantage to synthesizing the aberrant truncated proteins that would result, or from a selective advantage to translating the entire open reading frame in cis. The magnitude of any such selective advantage could not, however, be determined, as the DI particles had been propagated over many replicative cycles.
Several deleted genomes of poliovirus have been constructed in vitro to test the idea that translation is required in cis. A genome that contained an in-frame deletion extending into the 2A-coding region was shown to be capable of replication in the presence of helper viral genome; the deleted region [ Fig. 1AI is thus dispensable in cis for RNA synthesis (Collis et al. 19921 . Several genomes containing in-frame deletions, but not those containing out-of-frame deletions, were shown to be capable of RNA replication either in the presence or absence of helper genome. If failure to translate the complete open reading frame were the only defect in the out-of-frame mutants, one could conclude that translation of the po- , and 3CD are proteases; 3CD also binds viral positive strands; 313 is VPg, a protein found covalently attached to the 5' end of both positive-and negative-strand RNAs; 3D is the viral RNA-dependent RNA polymerase (for review, see Wimmer et al. 1993) . Regions of the genome that can be deleted without eliminating the ability of the RNA to replicate are shown for defective interfering particles (Kuge et al. 1986; Percy et al. 1992 ) and for functional RNA replicons (Kaplan and Racaniello 1988; Collis et al. 1992 ). The second map shows locations of the amber mutations used in rescue experiments and the deletion present in R2 (Kaplan and Racaniello 1988) . The portions of a negative-sense RNA probe containing nucleotides complementary to poliovirus nucleotides 988-1262 that are protected from RNase treatment by the fulllength and R2 positive-strand RNAs, respectively, are shown by the solid rectangle under each genome. (B) Plaque assays of wild-type, 2A-am66 and 3D-am28 virus performed on suppressing supD12A and nonsuppressing BTS-1 cells. Plaque assays were incubated at 32.5~ for the indicated number of hours and stained with crystal violet after removal of the agar overlays. The turbidity of these plaques is probably attributable to the inhomogeneity of suppressor tRNA expression in the suppressing cell lines (Sedivy et al. 1987) .
liovirus genome was required in cis. However, this conclusion is prevented by the possibilities that the truncated proteins created by frameshift mutations were trans dominant or that certain deletions had deleterious effects on RNA structure.
To test the existence of a requirement to translate the poliovirus genome in cis, we studied the replication of amber nonsense mutants of poliovirus in the presence of a helper genome to provide viral proteins in trans. The existence of amber-suppressing (Sedivy et al. 1987 ) and nonsuppressing primate cell lines allowed us to test the replication of these amber mutants in the presence and absence of their complete translation, while translation of the helper genome was uninterrupted. The results demonstrate that poliovirus RNA replication requires translation in cis through an internal region of the RNA genome.
Results
Amber mutants 2A-am66 and 3D.am28 replicate in suppressing supD 12A cells BSC-4OsupD12 cells allow the propagation of amber mutant viruses by expressing an amber-suppressing tRNA that inserts serine at UAG nonsense codons with an efficiency of 50-70% (Sedivy et al. 1987) . For the experiments described in this paper, a clonal derivative of BSC40supD12, termed supD12A, was used to enhance the visibility of plaques formed by amber m u t a n t polioviruses (see Materials and methods). BTS-1, a closely related cell line that lacks amber-suppressing tRNA genes (Sedivy 1991) , was used as the nonsuppressing cell line in the experiments described here. To construct a mutant poliovirus RNA in which translation of the entire 3' half of the genome could be conditionally inhibited, codon 66 in the 2A-coding region was changed from a UCU serine to a UAG stop codon, resulting in the mutant 2A-am66 (Fig. 1A) . Another amber mutant, 3D-am28, originally constructed and characterized by Sedivy et al. (1987) , was also used in these experiments. 3D-am28 bears mutations that change codon 28 of the 3D-coding region, an AGU serine codon, to a UAG amber codon (Fig. 1A) . Mutant RNAs were transcribed in vitro and transfected into supD12A cells.
The transfected cells produced viruses with an amber mutant phenotype: both 2A-am66 and 3D-am28 viruses formed slow-growing, turbid plaques on suppressing cells but did not form plaques on nonsuppressing cells (Fig. 1B) . The viability of these amber m u t a n t viruses in amber-suppressing cells shows that the introduced mutations do not confer a defect in the RNA sequence or structure that prevents viral replication.
Efficient rescue of 3D-am28, but not 2A-am66, by helper RNA in nonsuppressing cells
The helper RNA used to provide poliovirus proteins in trans was R2 (Fig. 1A) , a poliovirus RNA derivative with a 1782-nucleotide deletion in the capsid region (Kaplan and Racaniello 1988) . Upon transfection of the R2 RNA genome into h u m a n cells, RNA replication occurs at a slightly faster rate than that of wild-type poliovirus RNA (Collis et al. 1992; Kaplan and Racaniello 1988) . The cap-sid region deletion, however, prevents R2 from forming infectious particles.
To test the extent to which 3D-am28 virus production can be rescued by proteins expressed from the R2 helper genome, 3D-am28 RNA was transfected with and without R2 helper RNA into supD12A and BTS-1 cells. The cotransfection efficiency, or fraction of cells transfected with one type of RNA molecule that also took up another, was determined to be >99% under these conditions (see Materials and methods). The amber m u t a n t virus yield from transfections of 3D-am28 and R2 RNAs was determined subsequently by plaque assay of virus stocks prepared from the transfected cells. Figure 2 and Table 1 show the results of one such experiment: 3D-am28 RNA, when transfected alone or when cotransfected with R2 RNA into supD12A cells, gave rise to used for all virus stocks except wild-type stocks, which were diluted 10-fold more. In most cases, cotransfections with R2 RNA reduce the virus yield (Kaplan and Racaniello 1988) . amber m u t a n t viruses. As expected, w h e n 3D-am28 RNA was transfected alone into nonsuppressing BTS-1 cells, no virus was formed. However, when 3D-am28 and R2 RNA were cotransfected into nonsuppressing BTS-1 cells, amber m u t a n t virus was formed. The extent of rescue was calculated (see Materials and methods} to compare the growth of 3D-am28 virus in cotransfections with R2 RNA under conditions in which the 3D-am28 RNA could not be fully translated [BTS-1 cellsl t ~ conditions in which complete 3D-am28 RNA translation was restored {supD12A cells). For the experiment shown, the percentage rescue of 3D-am28 by cotransfected R2 RNA was 20% {Table 1; Fig. 2BI ; the average from such experiments was 16%. Thus, the product of the 3D-coding region, the poliovirus RNA-dependent RNA polymerase, can be provided in trans, and there appears to be only a modest advantage for a poliovirus genome to be translated in cis downstream of the 3D-am28 mutations.
When similar experiments were performed with 2A-am66 RNA, quite different results were obtained {Fig. 2; Table 1 ). Whereas cotransfection of 2A-am66 and R2 RNAs into suppressing cells gave rise to 10 a plaqueforming units {PFU)/plate of amber m u t a n t virus, cotransfection of these RNAs into nonsuppressing cells gave rise to only a very low yield of amber m u t a n t virus. The percentage rescue, determined as described in Ma-terials and methods, was 0.08% in this experiment (Table 1) and averaged 0.12%. Diminished replication of 2A-am66 was not attributable to trans-dominance of the amber mutant virus in nonsuppressing cells (see below). Therefore, the low percentage rescue of 2A-am66 demonstrates a strong but not absolute need to translate the poliovirus genome in cis.
Rescue or recombination?
It is possible that the apparent rescue of 3D-am28 and 2A-am66 viruses resulted from recombination between the amber mutant and the R2 helper RNAs rather than from complete RNA synthesis from the amber mutant RNA template. Recombination in poliovirus occurs by template switching of the viral replication complex during negative-strand synthesis (Kirkegaard and Baltimore 1986) . If template switching occurred between one of the amber mutations and the 3' end of the genome, an amber mutant viral genome could be synthesized whose replication had actually initiated on the R2 helper genome.
To determine whether the low amount of 2A-am66 virus rescued by R2 RNA in nonsuppressing cells (Table  1) arose from recombination, additional mutations were introduced as markers. The marker mutations were a cluster of five single-nucleotide substitutions termed 3D-114 (Diamond and Kirkegaard 1993) . The predicted consequences of recombination events between 2A-am66-3D-114 viral RNA and R2 helper RNA are shown in Figure 3A . Because recombination frequencies in picornaviruses are roughly proportional to distance (McCahon et al. 1977; Jarvis and Kirkegaard 1992) , the most likely recombination events would be those that occurred in the largest interval, interval a. The amber mutant viruses that arose by recombination in interval a would have lost the 3D-114 mutations, whereas the amber mutant viruses that arose from rescue of 2A-am66 would retain the 3D-114 mutations.
Amber mutant viral progeny produced from cotransfection of 2A-am66-3D-114 and R2 RNAs into BTS-1 nonsuppressing cells were tested for the presence of the 3D-114 mutations. The amber mutant progeny arose, as expected, at a very low frequency. Five nonsibling progeny viruses were obtained and found by RNase protection to contain the 3D-114 mutations (Fig. 3C , lanes 5-9). Thus, it is unlikely that the amber mutant viral progeny from this transfection resulted from recombination between the 2A-am66-3D114 and R2 helper RNAs. The reciprocal experiment, cotransfecting 2A-am66 and R2-3D-114 RNAs (Fig. 3B ), showed that none of five amber mutant progeny contained the 3D-114 markers that would indicate recombination in interval a (Fig. 3C , lanes 10-14). Therefore, the low level of amber mutant virus that resulted from these cotransfections was not attributable to recombination but to true rescue of 2A-am66 RNA synthesis.
The recombination interval between the 2A-am66 mutations and the 3' end of the genome, where negativestrand synthesis is initiated, is greater than the interval between the 3D-am28 mutations and the 3' end of the Rescued 2A-am66 virus should still contain the 3D-114 marker, whereas a product of recombination in interval a {3700 nucleotides) should not contain the 3D-114 mutations. Interval b is 250 nucleotides long, assuming a polyIA) tail of 75 nucleotides [Spector and Baltimore 1974 ). The solid rectangle shows the location of the wild-type RNase protection probe used to test for the presence of the 3D-114 mutations, in which nucleotides 7263-7269 are altered from AA-GAAGA to CCGCGGC (Diamond and Kirkegaard 1993) . ( genome. Thus, recombination events that generate amber mutant viral RNAs are less likely between 3D-am28 virus and cotransfected R2 RNAs than between 2A-am66 and R2 RNAs. We conclude that the production of 3D-am28 virus following cotransfection of 3D-am28 and R2 RNAs in nonsuppressing cells ( Fig. 2 ; Table 1 ) also resulted from true rescue, and not from recombination.
Rescue of 3D-am28, but not 2A-am66, can be observed at the level of RNA replication
To determine whether RNA replication is the process requiring translation in cis, we monitored the accumulation of 2A-am66 and 3D-am28 RNAs in the presence of R2 helper RNA in suppressing and nonsuppressing cells. At various times post-transfection, the amounts of positive-sense amber mutant and R2 RNA were monitored by RNase protection. Hybridization of a 323-nucleotide RNA probe to full-length viral RNA should protect a 275-nucleotide RNA fragment, whereas R2 RNA should protect only 187 nucleotides of the probe (Fig. 1A) .
Time courses of amber mutant and R2 accumulation following RNA transfection into suppressing and nonsuppressing cells are shown in Figure 4 . In suppressing supD12A cells, accumulation of each RNA genome transfected was observed. Neither 3D-am28 nor 2A-am66 RNAs increased in amount after transfection alone into nonsuppressing BTS-1 cells (not shown). However, when 3D-am28 RNA was cotransfected into BTS-1 cells with R2 helper RNA, both RNAs accumulated over time, indicating that R2 RNA rescued the ability of 3D-am28 RNA to be replicated (Fig. 4AI . In contrast, R2 RNA did not detectably rescue accumulation of 2A-am66 RNA (Fig. 4B) . Because of the background contributed by input transfected RNA in this assay, the limit of detection of RNA accumulation would correspond to 10-20% rescue. In this experiment, rescue of 2A-am66 virus production was 0.1%, an extent of rescue that clearly would not have been detected in the RNase protection experiment. The simplest hypothesis is that RNA accumulation and virus production were rescued to the same, very low, extent. Regardless, failure to translate in cis reduced accumulation of 2A-am66 RNA at least fivefold, and thus translation of CTR sequences in cis is required for efficient poliovirus RNA replication.
The experiments shown in Figure 4 also demonstrated that 3D-am28 and 2A-am66 RNAs are not dominant in trans over R2 RNA replication. R2 RNA accumulated to about the same levels when cotransfected with either wild-type, 2A-am66, or 3D-am28 RNA. Thus, the observed defects of amber mutants in RNA accumulation and virus accumulation in BTS-1 cells in the presence of helper RNA were cis dominant, and not trans dominant. RNAs. Time courses are shown; the 2-hr time points were taken in duplicate. Cytoplasmic RNAs were subjected to RNase protection, using a labeled RNA probe complementary to nucleotides 988-1262 of the poliovirus positive strand. RNA standards were probed and quantified in parallel to ensure that the RNase protection signals were proportional to the amount of viral RNAs probed.
Requirement for translation in cis is not attributable to an increase in RNA stability conferred by translation
One possible mechanism for the observed dependence of viral RNA replication on translation in cis is that in the absence of complete translation, amber mutant viral RNAs are rapidly degraded in nonsuppressing cells. Destabilization of incompletely translated RNAs has been observed for various RNAs in a variety of organisms, although the opposite effect has also been observed with other mRNAs (for review, see Peltz et al. 1991) . The stability of wild-type, 3D-am28, and 2A-am66 viral RNAs was tested after infection of nonsuppressing BTS-1 cells. To inhibit new viral RNA synthesis in the wild-type-infected cells, 2 mM guanidine was added, a specific inhibitor of picornaviral RNA synthesis (Caliguri and Tamm 1968) . The decrease in the amount of viral RNA over time was quantified by RNase protection. The amber mutant RNAs appeared, if anything, more stable than the wild-type RNA (Fig. 5) . To exclude the possibility that guanidine itself affects RNA stability, we tested the stability of 3D-am28 RNA in BTS-1 cells in the absence of guanidine, as well as in its presence. No difference in the stability of 3D-am28 RNA was observed (Fig. 5) . Therefore, the apparent stability of 3D-am28 and 2A-am66 RNAs did not result from guanidine treatment, and the requirement of poliovirus RNA synthesis for translation in cis does not result from an in- crease in RNA stability conferred to translated viral RNAs.
Viral RNA synthesis does not require continuous translation
One set of explanations of coupling between translation and RNA replication posits that the synthesis of new RNA strands requires newly synthesized viral proteins, or that positive-strand RNAs must be translated frequently for RNA synthesis to continue. In either case, stopping translation in the middle of the infectious cycle should inhibit RNA replication rapidly. In contrast, continuation of RNA replication for more than a short time after translational inhibition would rule out these possibilities. Although it has been shown that RNA synthesis can continue at a significant but reduced rate after treatment with inhibitors of protein synthesis, these experiments did not distinguish between positive-and negative-strand synthesis (Levintow et al. 1962; Ehrenfeld et al. 1970) . Therefore, we chose to monitor the effects of inhibiting protein synthesis on positive-and negativestrand synthesis separately.
The accumulation of both positive-and negativestrand poliovirus RNA after treatment with puromycin was monitored (Fig. 6) . Poliovirus-irgected CV1 cells were either treated with 800 ~M puromycin or with no drug at 3 hr postinfection. Cytoplasmic RNAs prepared at various times post-transfection were subjected to RNase protection to determine the amount of positivestrand poliovirus RNA present. To ensure that the signal obtained from the RNase protection experiment reflected the amount of positive-strand RNA accurately in the samples, a dilution series of RNA from poliovirusinfected cells was subjected to the same treatment; in the range of RNase protection signals shown, the amount of protected RNA was proportional to the amount of positive-strand RNA present in the sample (not shown). As shown in Figure 6A , positive-strand RNA continued to accumulate for 30 min after the addition of puromycin.
To test for negative-strand synthesis after puromycin treatment, cytoplasmic RNAs from untreated and puromycin-treated cells were probed for negative-strand RNAs. A two-cycle RNase protection protocol was used (Novak and Kirkegaard 1991) ; this method allows the sensitive and quantitative detection of negative strands despite the excess unlabeled positive strands present in the cytoplasmic extracts. This experiment (Fig. 6B) showed that negative-strand synthesis continued for at least 1 hr after puromycin addition. Because this is much longer than the estimated 45 sec needed to complete the synthesis of a viral RNA molecule (Baltimore 1969) , initiation as well as elongation of viral RNA molecules can continue in the presence of puromycin.
Similar experiments were performed with cycloheximide, which inhibits translation by a different mechanism (for review, see Pestka 1971) . The extent of translational inhibition of both these compounds was determined by measuring the incorporation of [35S]methionine into protein in untreated and drug-treated poliovirus-infected CV1 cells from 5 to 35 min after the drugs were added. Cells treated with 50 p.g/ml of cycloheximide and with 800 ~M puromycin showed a 92.6% and a 99.5% reduction in labeled protein, respectively. When poliovirus RNA synthesis was monitored after the addition of 50 ~g/ml of cycloheximide at 3 hr postinfection, both positive-and negative-strand accumulation continued for at least 30 min (data not shown). Therefore, cells infected with wild-type poliovirus and treated with either cycloheximide or puromycin in the middle of the infectious cycle were able to continue synthesizing both positive-and negative-sense RNAs. Continuation of RNA synthesis therefore does not depend on the viral RNA's continued association either with ribosomes or with nascent peptides.
Discussion

The quantitative advantage of translating the poliovirus genome in cis
Mutant poliovirus 2A-am66, with an amber nonsense codon in the 2A-coding region, was used to test for a requirement to translate the poliovirus genome in cis. Mutant 2A-am66 did not produce virus efficiently in nonsuppressing cells, even when cotransfected with a helper RNA to provide viral proteins in trans. The poor replication of 2A-am66 was not trans dominant over replication of the R2 helper RNA. Therefore, the amber mutation in 2A-am66 virus is strongly cis dominant. The most frequent explanation for cis dominance is that the mutation disrupts a site required in the genome itself. With 2A-am66, however, this explanation was excluded by the ability of the virus to grow in amber-suppressing cells. Thus, the cis dominance of 2A-am66 in BTS-1 cells results from the failure of 2A-am66 to have its entire coding region translated in nonsuppressing cells. The average extent of rescue of 2A-am66 virus by R2 helper RNA in nonsuppressing cells, to 0.12% of its yield under similar conditions in amber-suppressing cells, indicates an -800-fold advantage to poliovirus when it can translate its entire coding region in cis.
The CTR region of the poliovirus genome
Another amber mutant, 3D-am28, whose translation terminates in the 3D-coding region 2484 nucleotides downstream of the termination site in 2A-am66, showed a much higher extent of rescue, averaging 16%. That a mutant able to translate only the first 27 amino acids of 3D, the viral RNA-dependent RNA polymerase, can be rescued fairly effectively argues that all functions of 3D required for virus production in infections started by RNA transfection can be provided in trans. One caveat to this conclusion is that a low level of translational readthrough of the amber mutation in nonsuppressing cells may satisfy the requirement to translate in cis in the presence of large amounts of complementing protein from helper viral RNA. However, no amber mutant virus was produced in nonsuppressing cells in the absence of helper RNA, arguing that the amount of translational readthrough is extremely low. That some 3D functions could be provided in trans was shown previously by the ability of RNA synthesis of a 3D mutant to be rescued by wild-type or mutant viruses (Charini et al. 1991} . The existence of two 3D mutants that could not be complemented (Bemstein et al. 1986; Trono et al. 1988} is probably attributable to cis-dominant RNA defects in the mutant genomes. 3CD, which has functions distinct from those of 3C and 3D {Ypma-Wong et al. 1988; Andino et al. 1993J , probably also functions in trans; the truncated protein encoded in cis by 3D-am28 seems unlikely to retain any 3CD functions.
The different extents of rescue of 2A-am66 and 3D-am28 viruses, together with earlier reports, begin to define a region of the poliovirus genome that we term the CTR (cis-translation required I region. This region is not likely to include sequences that can be deleted in replicating RNAs. Because such deletions extend from the 1A-coding region to the first 45 codons of the 2A region {Fig. 1A; Collis et al. 1992} , the CTR region is likely to lie 3' of codon 45 of the 2A region (Fig. 7) . The cis dominance of 2A-am66 in nonsuppressing cells demonstrates a need to translate at least part of the region 3' of the 2A-am66 mutations in cis. Because translation of the 1308 nucleotides 3' of the amber codon in 3D-am28 pro-CTR sequences are most likely to lie between the mutations as shown in Figure 7 . Figure 7 . The CTR region of the poliovirus genome, in which translation is strongly required in cis, is located somewhere within the shaded area. Indicated below the genome map are the parts of the coding region that 2A-am66 and 3D-am28 viruses are unable to translate in nonsuppressing cells and the average percentages of rescue from two independent rescue experiments such as that shown in Fig. 2. vided only an approximately sixfold advantage to the vires, these sequences have not been included in the CTR region. If the m e c h a n i s m of requiring translation in cis is attributable to a cis-acting protein, then the boundaries of the CTR region are likely to correspond to coding region boundaries. If, however, ribosome transit itself through the CTR region is required in cis, the CTR boundaries will not necessarily correspond to coding region boundaries. The shaded area in Figure 7 represents the m a x i m u m possible extent of the CTR region.
The amount of nonsense suppression of an amber mutation can influence the measured extent of rescue of that amber mutant. If RNA context effects caused an amber mutant to have weak translational readthrough in suppressing cells, then the calculated percentage of rescue of that mutant in nonsuppressing cells would be artificially high. It seems likely, however, that the very different extents of rescue seen for 3D-am28 and 2A-am66 result from a strong requirement to translate the region between the two mutations in cis and m u c h less need to translate the 3D-coding region in cis. Thus, the
Possible mechanisms for the requirement of the CTR region to be translated in cis
Rescue of RNA accumulation of 2A-am66 and 3D-am28 was investigated to test which process in the infectious cycle requires translation in cis. Mirroring the effects of translation in cis on virus production, 2A-am66 RNA synthesis was not rescued detectably by helper RNAs in nonsuppressing cells, whereas 3D-am28 RNA synthesis could be rescued efficiently (Fig. 4) . Thus, viral RNA replication depends on translation of the CTR region in cis. It is not yet known whether this dependence applies to negative-strand synthesis, positive-strand synthesis, or both.
A requirement to translate in cis could be attributable to a cis requirement for either the translation product encoded in the CTR region, or for the act of translation itself through this region. A poliovirus protein might be restricted to cis action by one of several mechanisms. For example, one or more viral proteins might function in ongoing viral RNA synthesis only when nascent or newly synthesized. An analogous m e c h a n i s m is the cis action of nascent ~-tubulin protein, which affects the stability of only the RNA from which it is translated (Yen et al. 1988) . Such a possibility was excluded by the ability of viral RNA synthesis to continue in the presence of protein synthesis inhibitors (Fig. 6 ). However, it remains possible that a cis-acting protein is required in nascent or newly synthesized form, not for every round of RNA synthesis but only to establish a given RNA as a template, or only early in the infectious cycle. As shown in Figure 8A , such a cis-acting protein might interact with the positive strand from which it is being translated Figure 8 . Potential mechanisms for dependence on translation in cis. The poliovirus RNA genome is shown as a line terminating in poly(A); the heavy bold portion denotes the CTR region; cis-acting viral proteins translated from the CTR region are shown in bold. Ribosomes are depicted as two shaded ovals. In E, a ribosome-associated factor is represented by a small open square.
to enable that RNA to be a template for negative-strand synthesis.
Another possibility is that a viral protein acts preferentially in cis because of a restriction in its ability to diffuse to another template RNA (Fig. 8B) . Diffusion could be limited by the protein's affinity for a localized structure. For example, the affinity of the (bX174 cisA protein for the cell membrane is thought to be responsible for its preferential cis action (Francke and Ray 1972) . Figure 8B shows binding to membranes restricting the diffusion of a viral protein; several poliovirus proteins and viral RNA synthesis are found associated with cytoplasmic membrane surfaces (Bienz et al. 1990 ). The diffusion of a protein could also be limited by its stability; the short half-life of IS903 transposase restricts this protein to acting in cis (Derbyshire et al. 1990 ). In the case of poliovirus, a short-lived intermediate in processing of the polyprotein could be present at high concentration only near the RNA from which it was translated.
A final possibility to explain the cis action of a viral protein would obtain if a viral RNA molecule were only transiently competent for both translation and replication. Thus, the RNA molecule from which a protein was translated would be one of the few RNA molecules in the vicinity that was available at that time as a template for RNA synthesis, and the effect would be preferential cis action of the translation products of each RNA molecule. This mechanism would be analogous to the expression of ISIO transposase and the availability of the DNA for transposition, which are simultaneously optimal only when the transposon DNA is transiently hemimethylated (Kleckner 1990) .
The existence of cis-dominant mutants whose lesions map to 2B (Bernstein et al. 1986; Li and Baltimore 1988; Johnson and Sarnow 1991) , 3A (Giachetti et al. 1992 ), 3C (Andino et al. 1990), and 3D (Bernstein et al. 1986; Trono et al. 1988 ) has been, in some cases, cited as evidence for the cis action of each of these proteins. However, none of these experiments excluded the possibility that the mutations introduced functional defects into the RNA sequence or structure. As noted above, cis-dominant mutations have been found in the coding region of 3D (Bernstein et al. 1986; Trono et al. 1988 ), whereas we have shown here that 3D acts in trans. It is thus difficult to know which cis-dominant mutations in the poliovirus genome, if any, identify cis-acting proteins. Complementable mutants have been described in 2A, 2C, 3A, 3C, and 3D (Bernstein et al. 1986; Li and Baltimore 1988; Dewalt and Semler 1989; Charini et al. 1991) , arguing that at least one function of these peptide sequences can be provided in trans.
It is possible that the act of ribosomal passage through the CTR region could itself be responsible for the requirement for translation of the poliovirus genome in cis. The data shown in Figure 6 argue that continuous ribosomal passage is not necessary for a positive-strand RNA molecule to remain a template throughout the infectious cycle. However, ribosomal passage through the CTR region may allow that RNA to be competent for later use as a template. One possible mechanism is an effect of ribosomal passage on RNA stability; failing to translate the poliovirus RNA in cis could inhibit RNA replication because incompletely translated templates were degraded. This possibility was excluded, however, by the data shown in Figure 5 .
Remaining possibilities for effects of ribosomal passage in cis on RNA replication are shown in Figure 8 . Ribosomal passage could alter the RNA structure in the CTR region to facilitate negative-strand synthesis (Fig.  8D) . In MS2 phage, ribosome passage through the coat protein cistron destabilizes an RNA structure, thus derepressing lysis protein synthesis (Berkhout et al. 1987) . Another possible mechanism is that a ribosome-associated protein or subcellular structure, required for RNA synthesis, can be obtained or used by the viral genome only while ribosomes pass through the CTR region (Fig.  8E ). An analogous situation would be the dependence of N-dependent transcription termination in k phage on the N-utilization site (nut); passage of the host RNA polymerase-NusA complex through the nut site facilitates complex formation with the k N protein (Nodwell and Greenblatt 1991) .
Why should an RNA virus require translation in cis?
By any mechanism, the dependence of poliovirus RNA replication on translation in cis may serve to prevent amplification of defective interfering particle genomes and other defective genomes. In contrast to some other RNA viruses, poliovirus does not readily generate stocks containing a measurable fraction of DI particles. The process has required 16-40 serial passages of poliovirus at high multiplicity of infection (m.o.i.) {Cole and Baltimore 1971; McClure et al. 1980) , whereas vesicular stomatitis virus, a negative-strand virus, and reovirus, a double-stranded RNA virus, can generate abundant DI particles after only three or four serial high m.o.i, passages {Nonoyama et al. 1970; Stampfer et al. 1971) . For poliovirus, the strong requirement to translate the CTR region in cis means that many deletion, frameshift, and nonsense mutations in the CTR region will be selected against, and, 5' to, the CTR region; only mutations that do not disrupt the reading frame will be able to propagate efficiently. Because DI particles can interfere with the replication of wild-type viruses {Cole and Baltimore 19711, there could be a substantial selective pressure for RNA viruses to evolve a mechanism of RNA synthesis that depends on translation in cis.
Evidence suggesting a requirement for translation in cis has also been reported for other positive-strand RNA viruses. Data in which nonsense and frameshift mutations prevented RNA replication even in the presence of helper genomes have also been reported for mouse hepatitis virus (de Groot et al. 1992) , clover yellow mosaic virus {White et al. 1992), cowpea mosaic virus (van Bokhoven et al. 1993} , and turnip yellow mosaic virus (Weiland and Dreher 1993}, although in none of these studies were possible effects of mutations on RNA sequence and structure excluded. Nevertheless, several other cytoplasmic positive-strand RNA viruses that can, like poliovirus, use the same RNA molecules both as a mRNA and as a template for negative-strand synthesis, might also employ a cis requirement for translation.
This form of late proofreading may help many RNA viruses, whose RNA-dependent RNA polymerases are notoriously error prone (Drake 1993) , to be less burdened by defective genomes than they would be without coupling between translation and RNA synthesis.
Materials and methods
Cell lines and viruses
HeLa and CV1 cells were grown and plaque assays with type-1 Mahoney poliovirus were performed as described (Kirkegaard and Nelsen 1990) . BTS-1, supD12A, and BSC-4OsupD12 cells, derived from monkey kidney, were maintained as described (Sedivy et al. 1987) for BSC-4OsupD ceils, except G418 (550 ~g/ml) was added to the medium in every fourth passage of supD12A cells. All plaque assays in these three cell lines were incubated at 32.5~ for 40 hr for wild-type and 80 hr for amber mutant viruses. To derive the supD12A cell line, BSC-4OsupD12 ceils were plated at low density to allow the formation of colonies from single cells. Eighteen cell lines grown from these colonies were screened; one cell line, designated supD12A, consistently allowed 2A-am66 to form clearly visible plaques.
DNA procedures
Nucleotides 2641-3987 of the poliovirus cDNA were cloned into pBluescript II KS(+) DNA (Stratagene), resulting in pBlue2641-3987. Site-directed mutagenesis (Kunkel 1985) , to create the 2A-am66 mutations, used the mutagenic oligonucleotide tgtactactgcgagtagagaaagaaatactac. Each of two independent isolates were sequenced, and the fragment containing nucleotides 2641-3987 of poliovirus cDNA was reconstructed into a plasmid containing the full-length poliovirus eDNA, T7-polio {Samow 1989), resulting in plasmids T7-2A66-2 and T7-2A66-7. Transcripts from T7-2A66-2 and T7-2A66-7, upon transfection, gave rise to viruses with indistinguishable phenotypes. The 3D-am28 mutation (Sedivy et al. 1987 ) was reconstructed by inserting the BglII-AccI fragment of pSV2polio(am28) into T7-polio, creating T7-Am28. The virus bearing this mutation was originally designated rep(am28) (Sedivy et al. 1987) ; for this work it was termed 3D-am28 to conform with current poliovirus nomenclature.
T7-R2 was constructed from T7-polio by deleting nucleotides 1175-2957 as described (Kaplan and Racaniello 1988) . T7-R2-3D-114 and T7-2A66-3D-114 were constructed by transferring the BstBI-MunI fragment containing the 3D-114 mutations from pMlu-AL27 (Diamond and Kirkegaard 1993) to T7-R2 and T7-R2-2A66. Plasmid pT7 RNA 18S, containing nucleotides 579-658 of human 18S rRNA, was obtained from Ambion.
RNA Transfections
T7-R2, T7-2A66-2, T7-2A66-7, T7-Am28, and T7-polio plasraids cut with EcoRI were transcribed with T7 RNA polymerase in reactions containing 0.12 Ci/mmole [a-32P]UTP. Super Select-D GS0 columns (5 Prime-3 Prime, Inc.) were used to remove unincorporated nucleotides. RNA transcripts were extracted with phenol and stored suspended in ethanol. To quantify RNA yield, an aliquot of each transcription reaction was electrophoresed in an agarose gel containing 50 ~M aurintricarboxylic acid, aluminon grade (Aldrich). Bands containing fulllength transcript were excised and counted in a scintillation counter.
RNA transfections were performed with DEAE-dextran (average m.w. 500,000; Sigma Chemical Co.) by a modification of a method described previously (Wilson 1978) . BTS-1 and supD12A cells were prepared by splitting confluent 100-mm dishes of cells into eight 60-mm dishes, placing the cells immediately at 32.5~ and incubating for 48 hr before transfection. RNAs to be transfected were resuspended in buffer A (10 mM Tris at pH 8.0, 0.2 mM EDTA, 2 mM dithiothreitol, and 0.8 U/~I of RNasin). For each dish of tissue culture cells transfected, 1 ~g of each RNA was mixed with 190 ~1 of TS buffer (Wilson 1978) , then 10 Izl of DEAE-dextran at 10 mg/ml was added. BTS-1 or supD12A cells were rinsed once with TS buffer. Each dish received 200 ~i of transfection mixture, was incubated at room temperature for 15 min with occasional shaking, and rinsed with TS; 4 ml of culture medium was added, and plates were incubated at 32.5~ for the indicated times. The cells were harvested and virus stocks prepared as described (Kirkegaard and Baltimore 1986) .
To prevent secondary infections started by progeny virus from interfering with quantification of virus from the first cycle of infection, the lengths of the first cycles of infections initiated with wild-type, 3D-am28 and 2A-am66 RNAs were measured. Neither extracellular 3D-am28 nor 2A-am66 virus was detected before 12 hr post-transfection of either BTS-1 or supD12A cells;
there is a 5-to 6-hr lag after extracellular virus starts secondary infections before amber mutant progeny virus can be detected (not shown). Because intracellular virus levels were highest at 14 hr post-transfection, both 3D-am28 and 2A-am66 viruses were harvested at this time. Extracellular wild-type virus first appeared at 7-8 hr post-transfection, and intracellular virus reached maximum levels at 10 hr; therefore, wild-type virus was harvested 10 hr post-transfection.
The extent of rescue of amber mutant viruses by R2 RNA in nonsuppressing cells was determined from the ratio of the amber mutant virus yield in BTS-1 cells to the yield in supD12A cells, normalized to the RNA transfection efficiency in these two cell lines. The percentage rescue is given by 100• Asup)X(WBTs/Wsup), where ABT s and Asu p denote the yield of amber mutant virus after transfection of amber mutant and R2 RNAs into BTS-1 and into supD12A cells, respectively, and WBT S and Wsup denote the yield of virus after transfection of wild-type and R2 RNAs into BTS-1 and into supD12A cells, respectively. This formulation factors out the effects of any RNA defects created by the amber mutations, which should be the same in BTS-1 and supD12A cells.
Cotransfection efficiency
The fraction of cells transfected with one RNA that also take up a second RNA was measured by cotransfecting wild-type RNA and R2-PvuII RNA, an inhibitor of wild-type virus replication (Kaplan and Racaniello 1988) . The 99.8% reduction in wild-type virus yield observed when R2-PvuII RNA was cotransfected with wild-type RNA (Table 2 ) implies that at least 99.8% of cells transfected with wild-type RNA also took up R2-PvuII RNA. Transfection of poly(A) with wild-type RNA did not inhibit production of virus. Since the amber mutant RNAs and R2 helper RNA used in rescue experiments described in this work are very similar in size and sequence to wild-type RNA and R2--PvuII, the cotransfection efficiency of these RNAs was almost certainly comparably high. 
RNA stability assays
Virus infections were performed on BTS-1 cells at m.o.i. 5 for wild-type virus and m.o.i. 1 (defined on supD12A cells) for 3D-am28 and 2A-am66 viruses in the presence of 2 mM guanidine hydrochloride. Following 30 rain adsorption at ambient temperature in PBS(+) with 2 mM guanidine, virus was removed and plates rinsed once. Medium with 2 mM guanidine was added, and plates were incubated at 32.5~ Duplicate plates were harvested after 0, 2, 4, 6, and 8 hr incubation. 3D-am28 was also tested by the same procedure in the absence of guanidine; because the frequency of revertants in the 3D-am28 stock was <2x 10 -s, these revertants, even after being amplified by RNA replication, should make up only an insignificant fraction of viral RNA. Cytoplasmic RNAs were prepared and RNase protection assays performed using probes complementary to nucleotides 988-1262 of the poliovirus-positive strand, and to nucleotides 579-658 of 18S RNA. A dilution series of cytoplasmic RNAs from wild-type-infected cells was probed in parallel (not shown) to ensure that the RNase protection signals were proportional to the amounts of viral and 18S RNAs throughout the concentration range detected in this experiment. To correct for any loss of sample during the RNase protection procedure, the ratio of counts per minute {cpm) poliovirus RNA protected to cpm 18S rRNA protected was used.
RNase protection
Two-cycle RNase protection and standard RNase protection experiments were performed as described (Novak and Kirkegaard 1991) , with the following modifications. Lysis was carried out in buffer containing 10 mM Tris {pH 7.5), 10 mM NaC1, 1% NP-40, and 5 mM ribonucleoside-vanadyl complexes (New England Biolabs); following phenol extraction, EDTA was added to 1 mM. RNase digestion took place at 20~ in RNase mixture containing 300 mM NaC1. For negative-strand RNase protection experiments, data from RNA standards were used to construct a standard curve (not shown), which was then used to convert cpm RNA protected from the experimental samples into relative amounts of negative-strand RNA. For detection of 188 rRNA, the probe was synthesized at 5 Ci/mmole and 2.2 pmoles of probe was used for each reaction. Quantification of protected RNA was performed by two-dimensional radioanalytic quantitation {AMBIS Systems).
